The failure mechanisms under thermal-mechanical conditions have always been a critical issue in hot work steels. However, previous studies mainly focused on the mechanical properties of hot work materials, while the underlying deformation mechanism remains largely unclear. Here, we investigate the crack morphology and microstructure evolution mechanism near the fracture surfaces of 4Cr5MoSiV1 hot work die steels subjected to the uniaxial tension at 580 • C. An evident deformation band was observed consisting of refined ␣-Fe grains with a width of about 100nm along both sides of the intergranular fracture surface.
Introduction
Hot work die steel often deteriorates gradually during their applications due to deformation and fatigue during thermomechanical cycling, which often causes a premature failure [1] . Consequently, the failure mechanisms of hot work die steel under service conditions have attracted extensive researches [2] [3] [4] [5] . For instance, an innovative creep-fatigue method was used to reproduce conditions at extrusion dies which gave fatigue diagrams for small-scale die samples in practical applications [3] . Gao et al. [4] used the in situ transmission electronic microscopy (TEM) tensile tests to study the face-centered cubic metals and observed the stress induced nucleation, growth and coalescence of voids. Li et al. [5] investigated the crack propagation mechanism of martensite steel via the 3D X-ray tomography and discovered both transgranular and intergranular fractures during deformation. However, most of the previous studies mainly focused on the mechanical properties of materials, while the microstructure evolution mechanisms near the crack regions remain largely unclear [6] , especially for the hot die maraging steel used at high temperatures [7] [8] [9] . Here, this study focused on the microstructure evolution during the accelerated high temperature failure test (such as, tension at 580 • C with a constant rate of 1 mm/min) of maraging steel. We revealed, for the first time, the microstructure evolution mechanisms around crack regions in maraging 
Results and discussion
Crack morphologies and the deformation structures near the fracture lip are shown in Fig. 1 , in which a crack is clearly identified. Fig. 1a presents a panorama of a 35-m-long crack, with a maximum width of ∼400 nm. Selected area electron diffraction (SAED) patterns ( Fig. 1b-e ) indicate that the ␣-Fe matrix was retained near the crack tip. The two large oval cavities (zone A in Fig.1a ), might originate from the peeling off of carbides particles during the crack propagation under the tensile straining. At the crack propagation front, some deformation residues remained connected across the crack (zone B and zone C in Fig. 1a ); in the meantime, evident variations of deformation morphologies were observed along the crack from zone B to zone E. The most severe plastic deformation was observed closer to the crack tip [10] [11] [12] , where nanosized crystallites of ␣-Fe formed preferentially, as evidenced by SAED pattern (Fig. 1b-c) ; the average size of ␣-Fe at zone B, for instance, was less than 60 nm. The new crystal nuclei were retained down to room temperature due to the lack of growth dynamics; instead, these nuclei contributed to the plastic deformation. Therefore, the formation of nanograins of ␣-Fe in the crack reflects the dynamic equilibrium between recrystallization and plastic deformation, where recrystallization played a dominant role near the crack tip, resulting in the formation of smaller grains. It is interestingly noted that tempered martensite slats were also observed away from the crack tip (e.g. zone C), possibly due to tensile load working on and causing the temperature away from the crack tip to be lower than near the crack tip. Grain characteristics in Fig. d and e away from the crack are similar to that observed by Wang et al. [2] in a sample which was heat treated at 1030 • for 30 min, oil cooled to room temperature and finally tempered twice at 560 • for 2 h. Further analysis demonstrates the presence of deformation bands with a width of ∼100 nm width along both sides of the crack, which mainly consist of ␣-Fe nanocrystalites (Fig. 1d) . The grain size of ␣-Fe changed continuously from tens of nanometers to hundreds of micrometers with the increasing distance from the crack surface (as evidenced by Fig. 2) , and no sharp interface can be identified between the deformation band with nanocrystalline grains near the crack surface and the matrix with large grains away from the crack, similar to the observations of refined grains near the severe deformation zone in ferromagnetic metallic glass under the bending at 180 • C [13] .
In addition, the ferrite formed continuously from the recovery and recrystallization process of tempered martensite and additional slips were stimulated in the matrix during the deformation at 580 • C. Given that the crack tip usually is the area with the most severe deformation [14] , the dislocations piled-up at the nano-precipitate can escape from the locked positions at the precipitated phase and start to cross slip under the continuously increasing internal stress, which can be further promoted under the high deformation temperature. In this way, the glide planes can be changed and more slip bands were left in the region near the crack [15, 16] . The formation of additional slips effectively releases the severe stress concentration at the crack tip, thereby delaying the crack propagation and contribute to the improvement of toughness [17] . Consequently, the elongation and cross section reduction of 4Cr5MoSiV1 steel under the uniaxial tension at 580 • C is increased by 202% and 20%, respectively, compared with those deformed at room temperature.
The same specimen shown in Fig. 1 was also examined by EBSD in SEM, as shown in Fig. 2 . It is clear that both the intergranular and transgranular propagations of crack occurred during the crack propagation in the 4Cr5MoSiV1 Fig. 4 -Schematic showing the formation mechanism of slip band rings. steel ( Fig. 2a-c) . Close examination further confirms the observation of prevalence of nanosized grains (∼60 nm) after recrystallization near the crack surface, especially in the region where the intergranular propagation of crack occurred ( Fig. 2a-d) , consistent with our TEM observations. Meanwhile, a high strain zone exists near the crack surface due to the transition from to a locally higher-stress state to a high residual strain after fracture, as demonstrated by the distribution of residual strain distribution in Fig. 2e , which agrees well with the observations in the ferromagnetic metallic glass [13] and the nanograins formation mechanism under the action of mechanical stress was well revealed in the paper [18] .
In addition, the morphology and structure of carbides near the crack were also examined via the SAED (Fig. 3b, d and f) , which indicates the existence of nanosized M 7 C 3 , M 23 C 6 and MC, respectively. Fig. 3a shows a spherical carbide with the size of 300 nm, which is identified to be the M 7 C 3 according to the diffraction pattern in Fig. 3b . The elongated diffraction spots should originate from the large number of stacking faults that existed in the carbide, as suggested in the previous report [19] . Carbides of M 23 C 6 type with fine sizes were usually formed along the ferrite/martensite boundary. The spherical MC with the size of ∼150 nm is also captured (Fig. 3e ), which bears a semi-coherent relationship with matrix, as indicated by the SAED patterns in Fig. 3f , which is consistent with the previous studies [4, 20] . For the spherical carbides, the peeling off of them can occur easily under mechanical loading (see zone A in Fig. 1a ), given the incoherency of carbides/␣-Fe interfaces and the relatively large precipitate sizes such that severe dislocation pile-up at the interface occurred frequently (see Fig. 3e ), resulting in high deformation incompatibility on two sides of the carbides/␣-Fe interfaces and thereby the interface delamination.
Since the slip systems in each grain of the polycrystalline 4Cr5MoSiV1 steel are completely different, only those with the most favorable orientations can be activated under mechanical loading. Here we observe, for the first time, the occurrence of dislocations on different slip systems (even some concentric rings of the slip band) of 4Cr5MoSiV1 steel at the crack tip during deforming at 580 • (zone B in Fig. 1b) . Fig. 4 schematically shows the formation mechanism of dislocation slip on different systems. Upon deformation, dislocations first nucleated from a preferential site (e.g. Frank-read source) inside grain 1; thereafter, consecutive nucleation and slip of dislocationson the preferential planes in grain 1induce the formation of a slip band under the uniaxial tensile stress (Fig. 4a ).The slip band intersecting with the grain boundary (GB) can result in severe stress concentration at the GB, which stimulates the dislocation emission in the adjacent grain (Fig. 4b) [21, 22] . Similarly, each time the slip band intersect with the GB, additional slips can be activated in the neighboring grain under external loading. As the deformation process going on, these grains can be bent, rotated or subdivided due to the dense dislocation activities, resulting in the grain refinement ( Fig. 4b-d ). Eventually, a slip band ring form as a result of grain rotation and nano-crystal formation near the crack.
Summary
In conclusion, the failure mechanism of 4Cr5MoSiV1 hot work die steel under thermal-mechanical condition has been investigated. The formation mechanism of crack can be explained in terms of dynamic equilibria of recrystallization and plastic deformation. An evident deformation band was observed along both sides of the intergranular fracture surface, consist-ing of refined ␣-Fe grains with a width of about 100 nm.The characteristic slip band rings formed frequently, presumably due to the grain rotation near the crack, while the carbides (including MC, M 7 C 3 and M 23 C 6 ) were also considered as possible crack nucleation sources due to the existence of incoherent boundary between these carbides and the ferrite matrix.
